We obtained fresh dung samples from 202 (133 mother-offspring pairs) savannah elephants (Loxodonta africana) in Samburu, Kenya, and genotyped them at 20 microsatellite loci to assess genotyping success and errors. A total of 98.6% consensus genotypes was successfully obtained, with allelic dropout and false allele rates at 1.6% (n 5 46) and 0.9% (n 5 37) of heterozygous and total consensus genotypes, respectively, and an overall genotyping error rate of 2.5% based on repeat typing. Mendelian analysis revealed consistent inheritance in all but 38 allelic pairs from mother-offspring, giving an average mismatch error rate of 2.06%, a possible result of null alleles, mutations, genotyping errors, or inaccuracy in maternity assignment. We detected no evidence for large allele dropout, stuttering, or scoring error in the dataset and significant Hardy-Weinberg deviations at only two loci due to heterozygosity deficiency. Across loci, null allele frequencies were low (range: 0.000-0.042) and below the 0.20 threshold that would significantly bias individual-based studies. The high genotyping success and low errors observed in this study demonstrate reliability of the method employed and underscore the application of simple pedigrees in noninvasive studies. Since none of the sires were included in this study, the error rates presented are just estimates.
In species that are rare, sensitive, at risk of extinction, or under intensive behavioral study, noninvasive genotyping is preferred because it avoids disrupting the animals under observation. Techniques for genotyping samples with low DNA quantity have become widely employed in molecular ecological studies in the last decade, particularly in analyses of samples obtained noninvasively (Broquet and Petit 2004) . Noninvasive DNA analyses have been implemented in population censuses (Creel et al. 2003; Eggert et al. 2003; Ernest et al. 2000; Lucchini et al. 2002; Mills et al. 2000) , parentage assignment (Constable et al. 2001) , and mating systems and social structure analysis (Morin et al. 1994 ). However, concern over the accuracy of amplifying nuclear DNA markers, especially highly polymorphic microsatellites, from such samples is still prevalent Broquet and Petit 2004; Fernando et al. 2003; Maudet et al. 2004; Roon et al. 2005) . Of particular interest are genotyping errors and null alleles, which can compromise conclusions drawn from such data when present in high frequencies (Broquet and Petit 2004; Dakin and Avise 2004; Hoffman and Amos 2005) .
In the context of noninvasive sampling, genotyping errors can be generated during sampling (especially for animals with common toilets), DNA extraction, molecular analysis, scoring, data analysis, or by a variety of other factors, such as chance, human errors, and technical artifacts (Bonin et al. 2004) . Microsatellite null alleles, however, can result from poor primer annealing due to mutations within flanking regions (Kwok et al. 1990) , differential amplification of sizevariant alleles (partial nulls; Wattier et al. 1998) , or polymerase chain reaction (PCR) failure due to low template DNA quantity (Gagneux et al. 1997) . Total eradication of genotyping errors is difficult because molecular techniques and sample handling are not perfect (Fernando et al. 2003; Flagstad et al. 1999; Wehausen et al. 2004) . Therefore, systematic tracking of the origin and frequencies of genotyping errors are necessary for obtaining clean data sets Maudet et al. 2004; Miller et al. 2002; Taberlet et al. 1996 Taberlet et al. , 1999 and validating final results (Bonin et al. 2004; Hoffman and Amos 2005) .
Quantification and reporting of error rates do not discredit final conclusions drawn from the data but provide a measure of the quality and trustworthiness of the results (Bonin et al. 2004) . It is therefore essential to report error rates in molecular studies. Strategies for identifying, quantifying, and reducing genotyping errors include comparison of multiple samples (Frantzen et al. 1998; Taberlet et al. 1996 Taberlet et al. , 1999 , quantification of target DNA in extracts (Morin et al. 2001) , independent calling of alleles and verifying genotypes derived noninvasively with those from more reliable sources (Fernando et al. 2003; Launhardt et al. 1998; Parsons 2001; Taberlet et al. 1999; Wasser et al. 1997) , and estimation of null allele frequencies (Brookfield 1996; Chakraborty et al. 1992; Van Oosterhout et al. 2004 ). The quality of a microsatellite data set can also be inferred by testing deviations for HardyWeinberg proportions (Gomes et al. 1999; Hosking et al. 2004; Shaw et al. 1999) . The inclusion of family data offers one of the most robust methods to estimate genotyping errors and validate final results (Hoffman and Amos 2005; Marshall et al. 1998) . However, only a few studies have performed inheritance analysis of alleles for parent-offspring pairs Ewen et al. 2000; Launhardt et al. 1998; Smith et al. 2000) . Achieving accurate and reliable genotypes (Bonin et al. 2004 ) and quantifying genotyping error rates for each species or population is recommended for any widescale genotyping study (Maudet et al. 2004) .
Using dung samples collected from a free-ranging elephant population, we analyzed for variation at 20 microsatellite loci while applying repeat procedure to estimate genotyping error rates (Taberlet et al. 1996) , and we assessed for mismatches of alleles among mother-offspring pairs (Marshall et al. 1998 ). Since maternity was based on field observations and behavioral association, mismatches across some loci may be rooted in inaccuracies in assignment of maternity (Marshall et al. 1998) . High frequencies of null alleles are expected to leave a characteristic signature of repeated homozygote-homozygote mismatches between parent-offspring dyads (Pemberton et al. 1995) . Genotyping errors would be expected to cause significant deviations from Hardy-Weinberg, particularly because of excess homozygotes (Gomes et al. 1999 ) and deficiencies and excesses of particular genotypes (Van Oosterhout et al. 2004) . We present the analysis protocols conducted and make suggestions on techniques to minimize problems with noninvasively collected genetic resources. The results of this study validate our genotyping method, data set, and the conclusions to be drawn from it in forthcoming genetic analyses.
Materials and Methods

Study Area and Characterization of Individual Elephants
The study area is composed of Samburu, Buffalo Springs, and Shaba National Reserves in northern Kenya. It is part of the greater Samburu-Laikipia elephant population that once covered northern Kenya in the early 1970s but was reduced because of excessive poaching (Omondi et al. 2002) . Save the Elephants, a Kenyan-based nongovernmental organization, has assembled detailed data on population demography, movement, and behavioral patterns of approximately 900 elephants roaming these three reserves and surrounding areas (Wittemyer et al. 2005a) . Each elephant has been identified based on sex, age, and unique body features, enabling accurate sampling (Wittemyer 2001) . All calves born after 1997 were observed shortly after birth, enabling definitive assessment of mother-calf pairs. Calves born before 1997 were assigned a mother based on close association with a specific female and may therefore include mother-calf assignment errors. Overall, sampled breeding females and their calves were estimated as being born from 1942 to 1994 and from 1987 to 2003, respectively.
Sampling
Samples from 202 identified elephants were collected between 2001 and 2004, comprising 133 calves and 76 breeding females (7 individuals serve as both mother and calf, and most breeding females had more than one calf). Fresh dung samples were obtained using sterilized equipment soon after the animal defecated, minimizing potential misidentification of the target animal's dung and enabling collection of the mucosal layer of dung prior to desiccation. Epithelial cells sloughed from the gut lining and contained in the mucosal lining of the dung bolus yield undegraded DNA and low concentration of PCR inhibitors (Fernando et al. 2003; Flagstad et al. 1999 ). All samples were immediately preserved in sample vials containing either 25% dimethyl sulphoxide saturated with 5 M NaCl (Amos and Hoelzel 1991) or 70% ethanol and stored at ambient temperature during day of collection, 0°C in the field station, and ÿ80°C in the laboratory. Because previous studies have shown that the aforementioned two samples' storage media perform equally well for fecal DNA (Frantzen et al. 1998) , we used any of them whenever available to preserve samples analyzed in this study.
DNA Extraction
Total genomic DNA was extracted from the samples following standard procedures for animal tissues in DNeasy tissue kit (QIAGEN GmbH, Germany), with a slight modification. From each dung sample, approximately 250 lL of the mucousladen dung was placed in a 1.5 mL microcentrifuge tube with 180 lL lysis buffer and 20 lL proteinase K (20 mg/lL) solutions. The mixture was incubated overnight at 70°C in a 75 Â g rotor. Digests were centrifuged at 6000 Â g for 1 min in a microcentrifuge and the supernatants separated from the undigested plant materials in the tubes, after which the protocol from step 3 of the DNeasy procedure for animal tissue was followed. To minimize cross contaminations, all the steps from DNA extractions to amplifications included negative controls, and pre-and post-PCR work were conducted at separate locations with dedicated instruments and reagents.
Microsatellite Screening and Optimization
For a pilot study, we tested 40 polymorphic microsatellite loci previously isolated from the elephant genome on DNA extracted from fresh elephant dung samples. These loci are LaT05, LaT06, LaT07, LaT08, LaT13, LaT16, LaT17, LaT18, LaT24, LaT25, LaT26 (Archie et al. 2003) ; FH1, FH19, FH39, FH40, FH48, FH60, FH67, FH71, FH94, FH102, FH103 (Comstock et al. 2000) ; FH126, FH127, FH153 (Comstock et al. 2002) ; LA1, LA2, LA3, LA4, LA5, LA6 (Eggert et al. 2000) ; LafMS01, LafMS02, LafMS03, LafMS04, LafMS05 (Nyakaana and Arctander 1998); and LafMS06,LafMS07, LafMS08,LafMS09(Nyakaanaetal.2005) .
Although the original annealing temperatures of microsatellite primers used were already published by their developers, we determined the optimum annealing temperature at each locus by using the PCR gradient in a Hybaid ThermoExpress (Thermo Hybaid, UK). After optimization, we selected a panel of 11 tetra-nucleotide and 9 di-nucleotide repeat microsatellite loci (see Table1) , based on clear banding patterns and high polymorphisms that they exhibited in a preliminary investigation involving 15 randomly selected individuals sampled from distinct family units (as defined in Wittemyer et al. 2005b ). Amplification success rates and frequency of false alleles were estimated based on repeated genotyping of those individuals in order to find the number of replications that would be needed to get reliable genotypes from each noninvasive sample (Broquet and Petit 2004; Taberlet et al. 1996) . All amplifications were done on a Hybaid Thermo-Express thermocycler, each in approximately 10 lL reaction volume containing 1-2 lL undiluted DNA extract solution, 1.5 mM MgCl 2 , 10 mM Tris buffer, 50 mM KCl, 5 ng Bovine Serum Albumin, 200 lM each dNTP, 2 pmol each primer, and 0.5U AmpliTaq Gold DNA polymerase (Boehringer Mannheim GmbH). PCR products were visualized after electrophoresis on agarose gels to check for visible signs of contamination and spurious amplification profiles.
We developed an automated system of multiplexing based on the expected allelic fragment sizes of each locus, and we applied it throughout the analysis to reduce the cost of geno-
were post-PCR multiplexed and separated on 4% polyacrylamide gels. Polyacrylamide gels were prerun for 1 hr to overcome electrophoresis artifacts, and multiplexed samples electrophoresed using a positive control to check gel consistency (Fernando et al. 2001 ). Alleles were separated on an ABI 377-automated DNA sequencer with Rox-500 as an internal size standard and analyzed using the programs GENESCAN 3.0 and GENOTYPER 2.1 (Applied Biosystems, Foster City, CA). In each gel analysis, electrophoresis lanes were manually tracked and checked, and a standard curve was generated by the ''Local Southern Standard'' to correct for any minor gel variation. Individual signal strength varied both within and between gels throughout the run, ranging from 50 to 6,000 electrophoresis peak height, but as matter of principle we only scored individual peaks with a height of ! 100. 
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Genotyping Criteria
We used rigid criteria in scoring and accepting consensus genotypes in order to minimize potential genotyping errors (Schlötterer and Tautz 1992) , including the scoring of alleles by two individuals experienced in microsatellite genotyping and the validation by a third person. False peaks that result from leakages of strongly amplified products in the neighboring lanes were not scored (e.g., peaks in lanes A and C are leaked from lane B; Figure 1A -C). Such peaks are approximately two base pairs shorter than their true peaks if lanes were loaded alternately with 2 min of short electrophoresis run in between. Weaker peaks (less than 100 fluorescent units of electrophoresis peak heights) were considered failed because they could not be reliably scored ( Figure 1D ). Following a preliminary amplification success rate of 92.2% (70 failures out of 900 PCRs) and false allele frequency of 0.36% (3 false genotypes), we adopted recommendations from Bayes et al. (2000) , Ernest et al. (2000) , and Parsons (2001) and genotyped each individual locus at least twice to obtain a reliable genotype. Where an inconsistency or amplification failure occurred, that individual was regenotyped at least twice at the locus in question to verify alleles, and a majority consensus was taken (Taberlet et al. 1996) . A genotype at a particular locus that consistently yielded ambiguous or indistinguishable stutter peaks would not be scored, and those successfully amplified in only a few of the repeat typing were considered failed. A consensus genotype was assessed and designated (1) as having had allelic dropout if it was typed homozygous once and subsequently reproduced as heterozygous of the same allele in replicate typing and (2) as having had a false allele if one or more alleles were detected in any of the amplifications at that locus (either homozygous or heterozygous) and not observed consistently in other repeat typing.
Genotyping and Mendelian Error Analysis
We computed the rate of genotyping error as the proportion of cases in which errors were detected to the total consensus genotypes, as in Creel et al. (2003) . Assuming all positive PCRs giving correct or consensus genotypes as being successful, we estimated the rate of allelic dropout (p) as the ratio of the number of consensus genotypes with allelic dropout cases to the total number of heterozygous genotypes obtained. The frequency of false alleles was estimated as the ratio of the number of consensus genotypes with one or more false alleles to the total number of consensus genotypes. The rate of allelic dropout was estimated based on heterozygous genotypes only, because truly homozygous genotypes do not lead to erroneous estimates (Broquet and Petit 2004) . This approach enables the sum of allelic dropout and false allele rates to give an overall genotyping error rate in the study.
We also estimated Mendelian error rate across all loci using the program CERVUS 2.0 (Marshall et al. 1998 ), assuming parent-offspring pairs as being equally independent and correct. Here, an error is defined as the replacement of the true genotype at a given locus with a genotype selected randomly under Hardy-Weinberg's assumption. If mother-offspring pairs are known from field data, the average genotyping error rate can be statistically estimated from the frequency of mismatches (Mendelian allelic incompatibility) between mothers and their offspring. Mendelian compatibility of alleles and associated genotyping error rate were therefore assessed for the overall 133 pedigree (mother-calf) relationships and separately for two partitions based on the age and thus relative confidence of the mother-calf pair. Because the individual monitoring of the study population did not begin until 1997, mother-calf pairs in which the calf was born before 1997 are estimated using association data, whereas calves from 1998 to 2003 are known from observations.
Data Quality Assessment
Microsatellite data quality can be statistically assessed by testing deviations from Hardy-Weinberg proportions, allowing identification of either probable null alleles or allelic dropout, which leads to an excess of homozygotes (Gomes et al. 1999; Hosking et al. 2004; Shaw et al. 1999 ). An exact test for deviation from Hardy-Weinberg proportions at each locus was conducted based on a Markov chain algorithm (Guo and Thompson 1992) in the computer program GENEPOP 3.4 (Raymond and Rousset 1995) . We performed sequential Bonferroni corrections (Holm 1979; Rice 1989) on P values obtained at 5% significance levels to correct for type 1 error due to multiple comparisons. The potential presence of other genotyping errors, such as null alleles, short allele dominance (large allele dropout), or scoring or typographic errors in the microsatellite data set, was assessed using the computer program MICRO-CHECKER 2.2 (Van Oosterhout 2004).
Results
Genotyping Success and Mendelian Consistency
Of the 202 individual elephant samples genotyped at 20 microsatellite loci (4,040 genotypes), 98.6% achieved consensus genotypes. Of the 56 genotypes that failed to yield consensus genotypes, 17 (30%) consistently failed in repeat typing and 26 (46%) produced nonreproducible genotypes. The other errors detected and resolved by repeat genotyping were caused by (1) allelic dropouts leading to false homozygotes in 46 (1.6%) of all consensus heterozygous genotypes and (2) false alleles in 34 (0.9%) of all homozygous and heterozygous consensus genotypes combined.
Mendelian analysis of alleles in the 133 mother-offspring pairs showed consistent inheritance patterns in all but 38 of 2,660 total genotype pairs compared, with 5 of them having homozygote-homozygote mismatches and hence suggesting the presence of null alleles. The mean genotypic mismatch error due to the Mendelian incompatibilities observed was 2.06%. When the mother-calf elephant relationships were categorized into two groups (known and assumed pairs), we observed a slightly greater proportion of mismatched genotypes in the assumed group (calves born in 1987-1997; n 5 22, error rate 5 2.44%) compared to the known group (calves born in 1998-2003; n 5 16, error rate 5 1.68%). Although most of the Mendelian incompatible motheroffspring pairs had single mismatches, only two pairs had three genotypic mismatches and an additional three had two genotypic mismatches observed.
Data Quality
On sequential Bonferroni correction, we observed significant deviations from Hardy-Weinberg proportions in 2 of the 20 microsatellite loci analyzed (Table 1) , all due to heterozygote deficiency (LaT07,P 5 .002; LaT24, P5 .002). Allelic dropouts in the data set would be expected to cause Hardy-Weinberg deviation due to excess of false homozygotes; however, no evidence of short allele dominance or large allele dropout was detected at any of the 20 polymorphic microsatellite loci analyzed. Microsatellite loci LaT07 (r 5 0.033, P . .05) and LaT26 (r 5 0.042, P . .05) showed evidence of null alleles as suggested by the general excess of most allele size classes, though not at a significant level (Figure 2 ). Across loci, null allele frequencies were low (r , 0.05) but with a relatively higher error rate observed in the tetra-nucleotide than dinucleotide microsatellite loci analyzed (Table 1) .
Discussion
Noninvasive Genotyping
We successfully obtained consensus genotypes in 98.6% of the total genotypes and the overall estimated genotyping error rate of 2.06%. Out of the overall genotyping errors estimated from consensus genotyping, 1.60% was attributed to allelic dropout, identified as false homozygotes in heterozygous genotypes, and 0.92% was attributed to false alleles, cases where one or more wrong alleles were observed at some loci in both homozygous and heterozygous genotypes. Contrary to the general assumption that genotyping errors are greater in di-than in tri-and tetra-nucleotide loci (Morin et al. 2001; Schlötterer and Tautz 2002; Taberlet et al. 1999) , our findings included a relatively uniform level of null allele frequencies in the tetra-nucleotides and a somewhat lower level in di-nucleotides (Table 1 ). Other studies have reported similar trends (Fernando et al. 2003; Gagneux et al. 1997) . Microsatellite null alleles lower than a frequency of f , 0.2 cause only a slight underestimation of average exclusion probability at that particular locus (Dakin and Avise 2004) . The levels observed in this study will not substantially affect individual-based studies. Such a relatively low frequency of microsatellite null alleles and error rates that we observed in this study are similar in magnitude to levels from other quality DNA sources, such as blood and tissue (Jeffery et al. 2001) , although genotyping errors in the latter are not always reported (Dakin and Avise 2004) .
Mendelian Analysis
Mendelian analysis on known mother-offspring showed that 38 (0.95%) of all genotype pairs were incompatible, yielding a Mendelian-based genotyping error rate of 2.06%. We believe that many of the mismatches observed in the post-1997 mother-calf category (error rate 5 1.68%) arose from genotyping errors and possibly mutations rather than inaccuracy in field maternity assignment. The reason is that direct observations were used to classify mother-calf pairs in the 1998-2003 group while conducting behavioral studies on these elephants.
Although we anticipated a somewhat higher level of ambiguous parentage in the pre-1998 sample category, the relatively low mismatch error rate (2.44%) observed in this study strengthened our assumption that closely associating female elephants and young calves were actually true biological relatives. A Mendelian mismatch can result from different paternal relations and erroneously typed parental or offspring genotypes, null alleles (Marshall et al. 1998) , or marker mutation . Out of the 38 mismatches, 5 could be ascribed to null alleles (mother and offspring homozygous for different alleles), whereas the other combinations were heterozygous in at least mother or offspring. Of these, 23 differed by one repeat, 4 by two repeats, 4 by three repeats, 1 by five repeats, and 1 by seven repeats. If all of these were ascribed to mutations, they would amount to an average mutation rate of 33 / (133 Â 20) 5 0.012, which seems somewhat within the upper limit for microsatellite mutation rates (Jarne and Lagoda 1996; Schug et al. 1997; Webster et al. 2002; Whittaker et al. 2003) . Although mutations alone would account for the observed Mendelian mismatches, we attribute them to both genotyping errors and, to a limited extent, inaccuracy in maternity assignment awaiting a thorough genotyping of additional offspring, which are to be sampled. It is therefore reasonable to say that offspring-Dam pairs with single mismatches represent mutation or mistyping, whereas those with mismatches at multiple loci are likely due to false maternity.
Reasons for Genotyping Success
This study suggests that fresh dung sampling provides a reliable source of DNA with error rates low enough for individual-based investigations. In comparison to that of other studies based on noninvasively obtained samples (Table 2) , fecal DNA extracted from elephants yielded reliable results with low genotyping error rates. This study demonstrates that noninvasive genotyping of elephant dung can be done with high accuracy. Furthermore, fecal sample material in this species is not limiting, thus enabling ample quantities of mucosalladen portions to be easily sampled.
Technically, we attribute the relatively high genotyping success and reliability achieved in this study to the following facts. First, all dung samples analyzed were obtained fresh, emphasizing intestinal mucosal laden portions. Second, all microsatellite loci isolated from the Loxodonta africana genome were screened on a sample of individuals from the study population, and the most polymorphic and easiestto-amplify loci were employed in this study. Third, the extent of PCR failures due to Taq DNA polymerase inhibitors, such as polysaccharides, alkaloids, RNA, and other plant substances abundant in dung, were potentially minimized in our study by using the DNA polymerase anti-inhibitor Bovine Serum Albumin in all our PCR master mixes. Fourth, amplification artifacts due to polymerase slippage during PCR (leading to false heterozygosity or multiple alleles) were substantially minimized or eliminated by following a gelrunning protocol proposed by Fernando et al. (2001) . Fifth, negative and positive controls from the extraction step to gel analysis were employed to minimize incidences of crosscontaminations and inconsistencies that would have compromised the genotyping success. Last, we attempted to minimize potential causes of contamination by separating extraction and amplification activities from those associated with handling postamplification products and by using dedicated instruments, reagents, and lab consumables for each activity.
Recommendations
To successfully carry out a noninvasively based study, we suggest full observance of set criteria for accepting consensus genotypes. Selection of hypervariable loci should be conducted in a pilot study to enhance variability in results. Simple pedigree (parent-offspring) relationships, if available, should be utilized in genotyping process and data validation, respectively, to obtain accurate, reliable, and low error-containing microsatellite genotypes. Genotyping error rates should be used to detect odd genotypes, discard unrealistic markers that are difficult to score, and clean up the data sets. As noted by Bonin et al. (2004) , we also suggest that reporting error rates should be incorporated in all genetic research. It is important to recognize that the assumption of an error-free data set is unrealistic; even genetic data from tissue or blood can still harbor considerable errors (Bonin et al. 2004; Dakin and Avise 2004) . Because complete eradication of genotyping errors is difficult to achieve (Fernando et al. 2003; Flagstad et al. 1999; Wehausen et al. 2004) , we emphasize the need to develop statistics or data-analysis packages with provision for errors in their parameter estimates, such as in CERVUS (Marshall et al. 1998) . 
